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Introduction
The IEC-61400-1 standard specifies the design classes associated with the site conditions, related to annual average wind speeds, gust occurrences and turbulence statistics at a site [1] . The wind turbine design shall conform to these site conditions to be certified for commercial purposes. Since, the load simulations under existing site conditions provides the expected dynamic loading behaviour without any uncertainty limits, additional experimental wind and loading measurements are needed to narrow the knowledge gap and verify the simulated results. By defining the correlation statistics based on site conditions and turbine specific loading response, the turbine response for real-time inflow measurements can be predicted in advance.
In this study, the inter-relationship between the inflow conditions and aerodynamic loading is analysed using correlation functions, spectral responses and coherence functions. The inflow wind speed measured by Lidar at different ranges is tested to provide the optimal distance for correlation studies. The effect of inflow wind on the aerodynamic loading is analysed using aerodynamic torque estimates and blade out-of-plane bending moment measurements at below and above rated operation modes.
The aerodynamic torque contains contributions from blade geometry, blade pitch angle and rotor speed and is well suited for this study. Most wind turbines follow the maximum powerpoint tracking control strategy, where the tip speed ratio λ and aerodynamic torque Q are maintained at an optimum level to maximise power extraction. Q is related to the wind speed U r using the relation Eq. (1); where the torque coefficient C Q is mainly dependent on λ and pitch angle β and relates to the power coefficient C P using C Q =C P /λ, ρ is the air density and R r is the rotor radius. Fig. 1a shows the Torque and rotor speed versus wind speed curve used for maximum power point tracking. The wind turbine operational regime is divided into different ranges. The blades are pitched to extract maximum aerodynamic efficiency at idle operation (Ū <4 m/s). Following the maximum power tracking strategy, the bladed are pitched at nominal to derive maximum power from the wind at below-rated operation (4 m/s<Ū <12 m/s). At around 12 m/s, the pitch is adjusted to provide a smooth transition into the rated operation (12 m/s<Ū <25 m/s). At above rated operation, the pitch-to-vane strategy is followed to keep the torque, rotational speed and power at constant optimum levels, while keeping the loads low. A measured torque-wind speed curve for the complete operating range is illustrated in Fig. 1b . The high scatter in the Q-U r curve emerges as the derived estimates of Q and U r are sampled at 64 Hz using ECN's wind estimator. A short description of the measurement setup and the methodology to define the relationship between aerodynamic loading and inflow wind is given in the next section. by averaging the wind measurements from the 5 beams at each Lidar distance. Additionally, the range weighting function spatially averages the wind speed along the length of the beams. As the wind is also spatially filtered along the blades when the rotor generates aerodynamic torque, the spatial and temporal averaging of the Lidar wind speeds is assumed to be a good estimate of rotor equivalent wind speed [3] . For the correlation study, three measurement ranges x=50, 110, 170 m are considered, while the coherence study is performed with x=50 m only. The loading measurements i.e. aerodynamic torque, blade in-plane and out-of-plane bending moment and estimated undisturbed wind speed were initially sampled at 64 Hz, but are later resampled to 4 Hz for correlation study comparison. The time series from the Lidar and aerodynamic loading are post-processed for any spikes, anomalies (e.g. 0.5 m/s <Ū < 35 m/s) and low quality data(e.g. low CNR values i.e. -17 dB > CNR > 0 dB), low Lidar availability i.e. (< 75%) [4] . The aerodynamic loading measurements are low-pass filtered and resampled to 4 Hz, to match the sampling frequency of the Lidar wind measurements. Six months of data is selected for this study over a period 01/11/2013 to 30/04/2014 amounting to N =19771200 samples. The time series are further segmented into operation modes with a minimum segment width of 75 s in order to achieve statistical significance for the tests performed, especially in cases of coherence and power spectral densities. The small gaps due to filtering or measurement errors are interpolated using a cubic spline.
Correlation of Lidar measured wind speed with loads
The cross-correlation ρ uy is carried out on a moving window of 300 data points with 50% overlaps sampled at 4 Hz over a time period of T =75 s. By determining the location of the correlation peak, the time delay τ between the wind speed u(t) and the aerodynamic loading y(t) can be determined [6, refer p. 549-554 on correlation]. The correlation-wind speed curves illustrated in Figs. 3a and 3b are compared between the U (x=50m) and aerodynamic loading, Q and M oop respectively. Higher correlations are achieved in the below-rated operation mode for both Q and M oop . However, the scatter in ρ uy is large throughout with very few points beyond the 16 m/s and very low correlations around rated wind speed. Some methods to optimise the correlations e.g. moving window of 1200 points and an appropriate filter will be implemented in the future. The central mark in the box defines the median of that respective bin, the box edges indicate the 25 and 75 percentiles and the whisker edges indicate the minimum and maximum excluding the outliers.
The time delay consists of two parts, one due to the distance that the wind needs to convect from the lidar measurement plane towards the wind turbine and the other due to dynamic inflow conditions especially at above-rated conditions due to pitch activation resulting in induced velocity changes at the rotor. In this study, the time delay due to convection and wind evolution are considered and the dynamic inflow condition is avoided as the dynamic inflow is an extensive topic on it's own. The induced velocity and the time delay due to dynamic changes in aerodynamic loading are affected significantly at distances lower than 50 m in front of the turbine and at very short time constants making the current analysis setup unsuitable for the dynamic inflow study. In order to determine if the correlation studies are affected by the distance of Lidar measurement plane or if the assumption of Taylor's frozen turbulence is suitable, additional classification of the correlation and time delay studies are performed for three Lidar measurement ranges at x=170 m (undisturbed wind speed), x=110 m (Lidar focal point, most accurate) and x=50 m (closest measurement to wind turbine). The assumption of undisturbed wind speed existing at 170 m is based on the fact that at around x=1.5 D from the turbine, the induction factors are less than 5% [7] [3]. The occurrence probabilities for correlation bins of 0.05 are shown separately for below-rated and above-rated operation in Fig. (4) for Q and M oop . Higher correlations are observed at above-rated operation for U (x=50m, 110m), while no specific trends are observed at below-rated operation. The relationships between the load fluctuations and the bending moments with respect to the fluctuations in wind are often assumed to be linear [8] . As the relation between the wind and loads is non-linear as seen in Fig. (1) and as the low correlation values at below-rated operation shown in Figs. 4a and 4c might be linked to high variation of turbulence intensity, the effect of higher turbulence intensity i.e. I>0.12 on the aerodynamic loading becomes an important aspect to be validated. The turbulence intensity I=σ/Ū r is defined using the standard deviation σ and meanŪ r of the wind speed over a moving window of 300 data points with 50% overlaps sampled at 4 Hz i.e. T =75 s. High correlation coefficients were observed at below-rated operation for both Q and M oop for U (x=50m, 110m). The surprising result in Fig. 5b , might be associated to robust controlling of the wind turbine based on U (x=170) m at above-operation with high turbulence conditions. The adjustment of the pitch angle to maintain constant rotor speed irrespective of rising wind speed is assumed to cause the low correlation peaks observed at ρ ≈ 0.3
Coherence estimation
The wind speed measurements u(t) at x=50 m are and the aerodynamic loading y(t), seperated over a distance of ∆x=50 m in space are considered for spectral and coherence estimation. The spectral density estimates S uy (f ) defined over frequency f are performed using Welch spectral estimator for N s ≈ 600 segments based on continuous segments with N fft =4096, which are subdivided into m ≈ 8 subsegments with a width of 300 points and 50% overlaps. These subsegments are then averaged to obtain N s averaged Power spectral density estimates in order to reduce the bias and variance as suggested by [9] [10]. was transferred to positive frequency one-sided spectrum i.e. 0 to nyquist frequency F n =2 Hz.
The magnitude squared coherence γ 2 uy is calculated from the normalized cross-spectral density functions according to Eq. (4). It ranges from 0 and 1, where γ 2 uy =1 indicates strong similarity in the spectral densities at given frequencies and γ 2 uy =0 indicates that the two signals are independent random signals. The coherence function measures the variation in energy content of two stationary random signals between two points in space over a range of frequency. For longitudinal separations, Davenport proposed an exponential decay of the coherence of the form Eq. (4) [11] . The value ofα is estimated by optimising the least square error estimate to the minumum for the function J(α) as shown in Eq. (5) [3] . The correlation coefficient ρ and coherence decay parameter α are greatly affected by integral length scales of the turbulence present in the wind at a site. The length scale x L u is the measure of the average eddy size in the longitudinal direction and is dependent on the variation of the wind speed σ 2 u , surface roughness z 0 and hub height H.
The integral time scale is the time over which the fluctuations in the wind speed are correlated with each other. The Lidar measurement at x=50 m and the wind speed at x=0 m estimated by the ECN wind estimator are used for the autocorrelation function [2] . By integrating the autocorrelation function from zero lag to the first zero-crossing as given in Eq. (6), the integral time scale was calculated. Finally, the integral length scale x L u was calculated from the integral time scale T i assuming Taylor's frozen turbulence hypothesis according to x L u =T iŪr [12] [6] . 
Results and Discussion
The correlation curves established in Section 2.2 are an attempt to replicate the torque-speed curves and the thrust-speed curves used in wind energy to define the relationship between the power, thrust and torque to the wind speed. The correlation coefficient was used to understand the relationship between critical aerodynamic loading parameters and inflow wind measurements. It is clear from Figs. 4b and 4d that the aerodynamic loading is strongly correlated with the wind speed measurements at above-rated operation mode; while weak and uneven correlations are observed at below-rated operation, see Figs. 4a and 4c. In order to explain these differences, the inflow parameters like the length scale x L u and the effect of turbulence intensity I u on the . In cases where the I u exceeded 0.12, the correlation between the aerodynamic loading and the I u at below-rated operation was strongly correlated as shown in Figs. 5a and 5c .
The Lidar range gates were tested for their suitability for the correlation study. The measurement distances of x=110 m and x=50 m consistently provided high correlation estimates between the measured wind and aerodynamic loading. There was very little difference in the performance between these two measurement distances and both are recommended for Lidarassisted control of the wind turbines. The wind speed measurements measured at x=170 m shown in Figs. 4d, 5a and 5c provide low correlations due to incoherent structures and wind evolution. The highest occurrence probabilities for ρ uy and τ uy per bin for Q and M oop at below and above-rated operation are given in the Tab. (1) . As expected, the time delay τ uy increases as the distance from the turbine increases. Assuming Taylor's frozen turbulence hypothesis, a rough estimate of the rotor effective wind speed can be made based on τ uy and ∆x.
The spectra in Fig. (6) illustrate the amount of energy present in the signal as a function of frequency. By analysing the spectra, it is important to determine the rotor rotation frequency (1P) and the blade-passing frequency (3P) for a three-bladed wind turbine. The spectra in Figs. 6c and 6d clearly display the 1P, 2P and 3P frequencies for M oop , whereas the excitation frequencies for the Q are hardly recognisable. The combined spectrum S uy includes the turbulent nature of the wind spectrum (S uu ) and the peaks of the loading spectrum (S yy ), where the amplitude is enhanced at excitation frequencies. A difference in the excitation frequencies at below-rated and above-rated operation was observed for M oop and Q, e.g. at below-rated operation, the excitation frequency was observed at around 1P =1.25 (-) as shown in Fig. 6c and 1P =1 (-) at above-rated operation as shown in Fig. 6d are found. A less sharp peak is observed at below-rated excitation frequency as the rotor speed is not constant. These differences in excitation frequencies shall be considered while designing the control strategy for different operation modes of the wind turbine.
Tab. 1: Occurrence probabilities for ρ and τ for Q at below and above-rated wind speeds Aerodynamic Torque, Q Below rated operation mode Above rated operation mode Range (m) The coherence plots for M oop and Q drop at the same frequency level for a given operation mode. The coherence drops below 0.4 at f ∆x/U r =0.25=0.04 Hz for below rated operation and f ∆x/U r =0.2=0.056 Hz for above rated operation, where ∆x=50 m and U r =8 m/s and U r =14 m/s respectively. The coherence thus remains high for wavelengths of the order of λ=U r /f =200 m for below rated operation and λ=250 m for above rated operations for the given site. Veldkamp achieved length scales of the same length when using Kaimal spectrum for longitudinal fluctuations for three different locations [13] . The high coherence at lower frequencies are related to large eddies and as the length scale decreases, the decay parameter α increases. When performing further analysis as shown in Fig. (8) , the time scale of turbulence was found to be consistent between 2-2.5 s throughout the wind speed range and operation, while the decay parameter ranges from 2 to 7. The low number of data points in the bins at U r = 22 m/s, 24 m/s are responsible for the high fluctuations in α, see 8b. The integral length scale and the decay parameter increase with an increase in U r as can be seen from Fig. 8d. 
Conclusions and further work
The objective of this study was to determine the inter-relationship between the aerodynamic loading and the inflow wind speed. The conclusions for this study are as follows
• The correlation curves can be used as lookup tables for Lidar-assisted control, with the focus to reduce aerodynamic loading. The length of the moving window and filtering properties need to be optimised further to improve the estimates.
• The wind speed and aerodynamic loading are strongly correlated at above-rated operation.
The weak correlation at below-rated operation is associated with smaller length scales and high variance in the turbulence intensity I>0.12.
• The Lidar ranges from x=50 m to x=110 m are most suitable for Lidar-assisted control.
• The coherence function remains high upto f =0.04 Hz i.e. for wavelengths of the order of λ=200 m at below-rated operation and upto f =0.056 Hz i.e. for wavelengths of the order of λ=250 m at above-rated operation.
For future work, the effect of shear and atmospheric stability on the correlation and coherence would be considered. The damage potential in wind according to [5] will be validated and the coherence decay from one range gate to the other will be considered.
